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ABSTRACT

A survey of proposed models for evaluating solar cell degradation has been
made. |t was found that the most widely utilized evaluation technique at present
is based on empirically measured external damage coefficients. However, in re-
cent years, the trend has been toward development of more detailed computerized
analytical methods which utilize empirical data to deal with domage at the
microscopic level inside the solar cell structure.

The most detailed and comprehensively verified analytical model has been
used to evaluate the effects of simplifying assumptions on the accuracy of pre-
dictions made by the currently used external damage coefficient method. [t was
found that the most serious discrepancies were present in heavily damaged cells,
particularly proton damaged cells, in which a gradient in damage across the cell
existed. In general, it was found that the current damage coefficient method
tends to underestimate damage at high fluences. An exception to this rule was
thick cover-slipped cells experiencing heavy degradation due to omnidirectional
electrons. In such cases the damage coefficient method overestimates the damage.
Comparisons of degradation predictions made by the two methods and measured
flight data confirmed the above findings.



CONTENTS

Introduction
Detailed Radiation Environment Evaluation
Environment Definition
Proton Displacement Damage Evaluation
Treatment of Angular Dependence
Electron Displacement Damage Evaluation
Detailed Physical Model of the Solar Cell
General Discussion of Model
Electron Damage Introduction
Proton Damage Introduction

Comparison of Radiation Damage Prediction Methods

Flight Data Comparison
Specific Orbit Analysis

Detailed Prediction Technique Comparison
Environmental Evaluation

Conclusion

Recommendation

References

Page

15

17

19

20

21



10.

11,

12,

13.

14,

15.

16.

17.

LIST OF FIGURES

Typical Modified Spectrum Inside Solar Cell Structure
(450 NIM 30° Inclination)

Typical Modified Spectrum Inside Solar Cell Structure
(6000 NM, 30° Inclination)

Comparison of Energy Dependence of Damage Coefficients for
Different Types of Solar Cells With the Energy Dependence

of Recombination Center Introduction Rates

Typical Gradients of Defect Introduction Rate Through a Slab
of Silicon '

Temperature Dependence of 1-MeV Electron Degradation

Comparison of Calculated Versus Experimental |-V Curves
for 10-MeV Electron

Atomic Displacements as a Function of Depth for a 3 MeV
Proton in Silicon

Displacement Damage Gradient for Explorer 38

Comparison of Calculated Versus Orbital Flight Results for RAE 1

Satellite

OGO-4, 1963-38C, and ERS Flight Data and Predictions
Boeing P-N Code and TRW Nominal Cell VOC Degradation
Boeing P-N Code and TRW Nominal Cell ISC Degradation
450 NM VOC Degradation Comparison

450 NM ISC Degradation Comparison

6000 NM VOC Degradation Comparison

6000 NM ISC Degradation Comparison

Typical Displacement Density Gradient Inside Solar Cell Due
to Space Spectrum (450 NM) |

Page

23

24

25

26

27

28

29

30

31

32
33
34
35
36
37
38

39



LIST OF FIGURES (Continued)

Page
18.  Typical Displacement Density Gradient Inside Solar Cell - 40
Due to Space Spectrum (3000 NM)
19.  Damage Coefficient Comparison 41

vi



1.0 INTRODUCTION

The radiation degradation produced in solar cells by the energetic charged particles of
spdce is an importanf design constraint for many space missions. Since the original degradation
estimates for Telstar(!) by Brown and Rosenweig, a series of reports sponsored by Nasa(2), (3), (4)
have reflected the development of increased environment definition and solar cell degradation
understanding. These reports have treated the degradation of the solar cell primarily by bulk
displacement damage through the use of an experimentally determined damage coefficient. This
damage coefficient related the change in the cell diffusion length to the external particle fluence
for each cell type. Cell performance parameters such as Vocr lsc and P were calculated from
the new diffusion length. In this way solar celi degradation from various particle energies could
be evaluated, and damage from differing particle types could be combined. However, the
damage coefficient was found to be functionally dependent on numerous variables such as particle
energy, particle fluence, operating temperature, light spectra, time, and etc. As more data were
obtained it was found convenient to define separate damage coefficients for Voer lsc and P
for simplicity in describing observed cell degradation. Each of the coefficients in turn had
functional dependencies on the variables mentioned above and were applicable only to the
specific cell type measured. This rapidly expanding list of damage coefficient variables is very
difficult to define experimentally and consequently many of the recognized variables have been
treated with analytical approximations of varying degrees of credibility. The fundamental problem
of low energy proton damage, which produces nonuniform damage in the cell, was always recog-
nized as being beyond the capability of any simple damage coefficient method to treat accurately,
and was thus a source of uncertainty. Also, such questions as the dependence of the damage
coefficient on particle angle of incidence were also recognized but could receive no satisfying
theoretical treatment.

The purpose of this work is to identify and quantify the uncertainties in the present tech-
niques of solar cell radiation damage evaluation. The basic approach taken was first fo search
the literature on solar cell radiation evaluation, and then apply the most accurate technique
available to specific solar cell radiation degradation problems.

Inherent in the external damage coefficient approach is the assumption that 1) radiation
damage in the solar cell structure is uniform, and 2) that the effect of the damage on cell response
is uniform across the cell. It is these assumptions that lead to many of the functional dependencies
of the damage coefficients on such variables as fluence, light spectra, and particle angle of
incidence. These assumptions also render the method inadequate in dealing with low energy
proton damage which is very nonuniform within the cell. Further, the assumptions of uniformity
of damage and response put limitutions on the accuracy that can be expected in evaluating cell
response to space radiation spectra which produce nonuniform damage profiles across the cells.

These problems have long been recognized and various models have been proposed to deai
with the nonuniform damage production and response. .

Two upproaéhes(s)r (6) to mathematical analysis of nonuniform damage were puBIished in
1966, Both these approaches proposed the division of the solar cell base info sections or layers
which could each be considered to be damaged to « different level. The continuity equations
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were then solved to obtain the solar cell current and voltage. The results of these models were
promising. A computerized model which could deal with the multilayered cell was reported in
1971. (%‘5 Another attempt to deal with low energy proton damage was published in 1971.(8) This
model used essentially the same mathematical approach with a defect damage coefficient defined
to deal with the nonuniform dage within the cell on a microscopic basis rather than the macro-
scopic damage coefficients related to the external radiation fieldf Simultaneously, with the
above efforts @ computerized diode mode! called the PN code'” ) was developed under the
sponsorship of the L. 5. Air Force. This computer program became available in its present form
about 1970, The code incorporates the layer approach in that the cell can be divided into
twenty-six layers or segments. Having the varying parameters across the cell specified at the
boundaries of the segments, the code interpolates to yield values of the parameters within the
segments; thus, continuously varying parameters can be treated across the cell. The code also
uses the defect damage coefficient concept to treat radiation damage on a microscopic level
wifhin( {}isg cell. The code was applied briefly to the problem of low energy proton damage in
1971.

Thus, the trend in the literature has been the simultaneous development of a simplified,
engineering data oriented model relating external radiation environments to cell response through
empirical damage coefficients and a more detailed mathematical treatment of the cell relating
damage internally in the cell on a microscopic level to solar cell response.

A recent work“z) has utilized the PN Code as a solar cell model and has drawn on a code
from another discipline to deal with the emnidirectional radiation environment. A tested radia-
tion transport code called SPARES (Space Radiation and Environment Code){13) has been used to
calculate the modified radiation spectrum inside the solar cell and yields displacement density
profiles for use as input dota in the PN Code.

As the defect density profiles can be obtained from the displacement density profiles, a
caleulation of displacement density in the cell resolves all the radiation environmental variables
which complicate the solar cell radiation degradation problem. As tested transport codes for
protons and electrons exist, (12) no significant errors are introduced in determining the penetrating
proton or electron spectrum in the cell. The disg:lacernenr damage cross section for protons and
electrons has been evaluated by several workers4), and is available for use. The displacement
profiles produced by various environments and displacement cross sections can thus be compared.

The predictions of the P-N code for various proton and electron energies and cell types,
based on the calculated displacement profiles in the cell, are compared to experimental results
in Section 3.0 and Reference (12) to validate the basic diode simulation technique. Excellent
agreement was obtained in nearly all cases examined, and low energy proton damage was also
predicted accurately.

At the present time, this work appears to provide the most accurate, comprehensive
method of solar cell evaluation found in the search of the literature and has had the most

extensive validation with experimental data.

The current most widely used evaluation method is the external damage coefficient
method. This method is attractive in that it can be made very simple and convenient for
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designers to use. The remainder of this report shows the results of applying the detailed analyti-
cal method discussed above to evaluate the uncertainties introduced by simplifying assumptions
that are inherent in the external damage coefficient method.

The analytical method was used to predict the radiation degradation in existing satellires
and compare these predictions with flight data. A parametric study of degradation in common
orbits of interest was then performed, and comparisons with the current damage coefficient method
were made. This approach allowed the evaluation of simplifying assumptions made in the current
damage coefficient radiation degradation method.



2.0 DETAILED RADIATION ENVIRONMENT EVALUATION

2.1 ENVIRONMENT DEFINITION

The trapped protons and electrons of the earth's radiation environment have been modeled
by Vette and co-workers in a series of NASA reports(M‘ which remain the most accurate and
comprehensive environment data available. The uncertainty in the models is a complex function
of energy, position, and time for each particle type. As a broad guide a factor of 2 uncertainty
in the proton maps and a factor of 3 to 5 in the electron environments has been used to charac—
terize their accuracy. Solar proton activity cannot yet be predicted in a deterministic manner
and the various projection of future proton activity based on correlation with sunspot activity or
statistical consideration have large uncertainties for any time period of a few years or less. Solar
panel degradation estimates from solar proton activity are based on a model proton environment
suitable for the mission, and flight degradation data must be compared to degradation values
calculated from the measured solar proton environment.

2.2 PROTON DISPLACEMENT DAMAGE EVALUATION

The determination of the displacement domage gradient in a cover glass-solar cell
assembly proceeds in the following way. First the incident particle energy spectrum, fluence,
and angle of incidence is found from the environmental definition. Then the penetrating particle
energy spectrum and intensity is determined at several points in the solar cell. Finally the omni-
directional energy spectrum is combined with an energy dependent displacement production cross
section to find the displacement density at each point of interest. This displacement density
gradient, which can be expressed either in terms of a displacement production rate or for a total
fluence as a total displacement damage gradient is then used as an input to the P-N diode model.
The penetrating proton energy spectrum can be calculated for both normally incident or isotrop-
ically incident fluxes by the use of existing proton transport codes, such as those discussed in
Reference (13). The Boeing HEVPEN code, developed and used in the SPARES code system, is
used fo evaluate the penetrating proton energy spectrum. The basic approximations used in this
code are 1) neglect of nuclear interactions, and 2) neglect of scattering or straggling. These
approximations introduce negligible error for the material depths of interest in solar cells. Typical
penetrating proton spectra are shown in Figures 1 and 2 for normal incident proton spectra taken
from AP-6 and AP-7 for 450 and 6000 nautical mile, 30° inclination circular orbits respectively.

2.3 TREATMENT OF ANGULAR DEPENDENCE

rd

The penetrating proton spectra presented in the preceding figures show D(E), the omni-
directional flux, calculated for a normally incident spectrum. To treat the space environment it
is necessary to consider all angles of incidence. Define

Angular flux - #(E, ) particles/cmz-MeV-steradiun

Omnidirectional flux - P(E) parﬁcles/cmz—MeV



Number current - N{E) particles/cm2-MeV

Energy current - J(E) MeV/cmZ-MeV
Now
H(E) =I¢(E,Q) dn =f"’¢(E,ﬂ) sin 8 d6 d9 (2.1)
Q °o o
and
2
N(E) = I J' D(E, §1) cos Bsin 6.dO do (2.2)
o o

The transport codes can be represented by a transmission function, T, which gives the energy and
intensity of the particles after penetrating a thickness of material. A spherical shield of thick-
ness x then gives a penetfrating flux of

P(E) = I¢(E,Q) TAE, x) d (2.3)
q .

while for a slab, irradiated from one side

2n a/2
P(E) = P(E, Q) T(E, sec Bx) sin 6dB dP (2. 4)

Q <

For an isotropic angular distribution, the common approximation used for the complex
angular dependence of the space environment,

P(E) = 47 #(E, Q)

and

#(E)

N(E) = 7

for a half space fiux

The actual penefrating spectrum from an omnidirectional fluence af various depths in a slab is
given by Equation 2.4 as the weighted sum of each solid angle. For a displacement damage
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calculation to evaluate the displacement damage at a point in the slab, it is necessary to know
the omnidirectional fluence, $(E), and the total displacement cross section, op- The displace-
ment density is then just

Dy =[¢(E) op(E) dE | (2.5)

The energy dependent function op(E) has been calculated by Baicker{19) for sificon and the
values are given in Table 1. The methods discussed are then used to calculate displacement
damage gradients in silicon for normal and isotropic fluxes taken from the two circular orbits.

2.4 ELECTRON DISPLACEMENT DAMAGE EVALUATION

The evaluation of electron displacement damage proceeds in the same way as for proton
damage. The electron transport calculations are done with the Boeing electron Mante Carlo code
EDEP ]3), and the penetrating electron number current at various depths in silicon is calculated
for either a normally incident or isotropically incident electron environment. The number current
is converted into the omnidirectional flux by considering the angular distribution of the electron.
The Monte Carlo method accounts for the effects of backscattering, energy and angle scatter
resulting from the multiple scatterings that the electrons undergo in materials. The omnidirectional
electron flux is combined with the energy dependent damage coefficient, K(E) shown in Figure 3,
to defermine the damage gradients in silicon. The step of first calculating the total displacement
density from a microscopic cross section is omitted since the electron damage coefficient is
proportional to the displacement cross section in the energy region of interest.

The damage gradients in 10 ohm-cm silicon for 1-MeV electrons incident normally and
isotropically in the half space are shown in Figure 4. Note that at the surface the damage is
slightly greater for the isotropic flux because of increased backscatter. The normaily incident
damage curve shows an initial buildup, due to the scattering of the electrons from normal to a
cosine squared angular distribution, and a gradual decline as the electrons are slowed to [ower
energies. In contrast the isotropically incident electrons have o constantly decreasing damage
rate in the silicon. The synchronous altitude damage gradient is also shown in Figure 4.

Table |. Proton Total Displacement Production Cross Section in Silicon
E (MeV) op (Displacements/cmS per proton/cm2)
A 80, 000

0.3 26, 000
0.6 13, 000
1.0 8, 000
3.0 2,600
6.0 1,600
10.0 1,300
30.0 850
60.0 500
100. 0 260
200.0 120
1000, 0 120



3.0 DETAILED PHYSICAL MODEL OF THE SOLAR CELL

3.1 GENERAL DISCUSSION OF MODEL

Examination of radiation damage models in the literature and results of exploratory testing
have indicated the need for a detailed physical model which could account for variations in in-
ternal physical parameters rather than consider the device as @ homogeneous structure beneath
the junction. The model also needs to be able to handle a nonuniform carrier generation rate
across the cell such as that due to the sun spectrum and to be able to account for radiation in-
duced recombination centers whose energy levels within the band gap were different than those
responsible for initial recombination before radiation.

Some of the observations that indicate the above requirements are: 1) nonuniform domage
rafes due to particle spectra in space, 2) nonuniform annealing in lithium doped solar cell
structures, 3) fluence dependence of damage coefficients at fluences too [ow to cause significant
carrier removal, 4) temperature dependence of damage coefficients, 5) nonuniform carrier
generation rates resulting from the solar spectrum, and 6) the effects of drift fields within the
cell due to nonuniform impurity profiles.

Calculations of the defect density profiles due to particle spectra in space indicate that
relatively steep gradients in damage, or defect density, can be introduced in the solar cell
structure; therefore daomage coefficients based on external measurements in monoenergetic radia-
tion fields place an undesirable limitation on ones ability to assess orbital effects--particularly
in the case of protons which are stopped within the solar cell or for celis which have built-in

electric fields.

As will be discussed later, nonuniform annealing across the base region of lithium doped
cells can result in further complications of the damage profile and can change the dopant impurity
profile in the device. Alterations of the impurity profile can result in changes of the built-in
electric field due to lithium donor impurity gradients near the junction. Annealing of nonuniform
damage densities resulting from the space environment can further complicate this situation. Thus
a model which can deal with an inhomogeneous cell is a necessity.

Fluence dependence of external damage coefficients can result from severe degradation
of the diffusion length in the solar cell base. This effect appears to be due to the difference in
spectral response of the cell and is particularly evident in cells having built-in electric fields.

Damage coefficients have been observed to be temperature dependent for cells. Fajth(16)
presented an analysis of this temperature dependence in which he related it to the energy level
of the radiation induced recombination center with respect to the location of the Ferm| level
within the band gap. He presented comparisons of temperature dependence calculations based on
the energy levels of several known recombination centers and experimental data. Based on these
results he concluded that the damage could not be singularly identified with any particular center
but rather was probably due to a composite of two or more centers. This conclusion is in agree-
ment with the findings of Carter 17) regarding damage introduction by electrons of different
energies, namely that the "A" center appeared to be important in N/P cells for electron energies
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below the one MeV and "K" centers more important at higher energies. Thus, it is necessary that
a complete model be able to account for the energy level of the radiation induced recombination
centers,

It is well recognized that the difference in response of solar cells to light of various wave-
lengths make the effects of radiation a function of the light spectra. Thus, it is essential that the
model be able to consider the actual light spectrum of interest.

The presence of a built-in electric field due to a gradient in dopant impurity profile can
radically alter the response of a solar cell. Thus, defects in different locations in such a device
vary in their effect on the cell output.

All of the above considerations make a detailed physical model of the solar cell {which
can deal with variations in parameters throughout the cell) very desirable, indeed, essential, in
order fo accurafely assess the effects of the space environment throughout an orbital mission.

The PN Code developed by Gulf Radiation Technology for the Air Force Weapons
Labora’rory( appeared to have most of the above listed qualities. The mechanics of the code
have been described in the literature(%: 10 ; therefore, only a description of its capability per-
taining to solar cells will be presented in this report.

The basic equations that are solved by the computer for the interior of the device are the
one-dimensional continuity equations for the two charged carriers, n and P,

an aJn

- - - —

T R+ A 5% T 9y (3.1}
and

aP aJF:‘

Ur = - - —
and Poisson's equation for the electric field E,

Bt _ 4

a—x=—"',2—“{p-n+AN]. (3.3)

In these equations, n is the density of the negatively charged carrier and p is the density of the
positively charged carrier. Terms g and A are the generation rates of electron-hole pairs caused
by external radiation and avalanche, respectively; R is the recombination rate of electrons and
holes; and g, and g, are the rates at which electrons and holes are injected at certain places into
the device, for example, by the base contact or tunneling. 1n Eq. 3.3, N is the net density

of doping, positive for donors and negative for acceptors; q is the absolute charge of an electron
(positive); and K is the dielectric constant. The terms J, and Jp are the particle current densities:

e E-E g p O
Jn— nan Enax nv_ Dnax' _ (3. 4)
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and

= - ! QE: - a_l"l
Jo=pu, E-D =pv -D =2, (3. 5)

The E (or velocity v} terms are the drift currents with mobilities B, and p_and the 3/9x terms are
the diffusion currents with diffusion coefficients D, and D,. The terms g, A, R, Hne Hor D,
and D, are functionally dependent on position, time, densities, and electric fields for semi-
conductors. In most of the following, tunneling will be assumed negligible so the g, and g

terms are due only to the injection or removal of carriers by the base contact. Two sets of
boundary conditions are available for the solution of Equations 3. 1 through 3. 5.

Type | boundary conditions are sometimes called "bulk* boundary conditions because they
correspond to conditions far from any discontinuity in the doping. Specifically, the Type I
boundary conditions are:

n_ p_ :
o= f 0, (3. 6)
and
n p 47 3t a’ )

o]

at both ends of the device. The function i is the external current af the appropriate end of the
device, and a is the cross-sectional area of the one-dimensional device. Equation 3.7 is just
Maxwell's equation for continuity of total current, including the displacement current aE/at.
Type | boundary conditions are applicable to problems where the details of the contacts do not
significantly affect the results. Consequently, Eq. 3.7 does not include the effect of carrier
tunneling between the metal and semiconductor.

Type 1l boundary conditions are necessary when the details of the contacts to the device
are important, A typical situation where they would apply is the study of metal -semiconductor

contacts. Specifically, the Type 1l boundary conditions are:

n = constant with ﬁme,l

and (3.8)
p = constant with ‘rime,J
an apy . k dE (i - ii')
q(nunE+pppE+D o~ -D 25+ = — (3.9)

n ax p ax 47 dr o,
3

at both ends of the device. The term it is the tunneling current between the metal and the

semiconductor at the appropriate end of the device.



It will be noted that Eq. 3.7 is just a special case of Eq. 3.9 in which an/9x, 8p/3x,
and iy have been set equal to zero. In general, n and p at a given boundary are not equal and
their values at the two boundaries may be different. Also, the code can consider Type | boundary
conditions on one surface and Type 1] on the other, if desired.

The program is capable of solving the equations 1 through 5 for a multiple region dicde
structure. The solar cell structure can be divided into as many as twenty-six regions. The width
of the regions can be varied throughout the cell structure. For example, in a location where
parameters such as dopant impurity density or radiation defect density are varying rapidly, several
very narrow regions can be defined to adequately describe the parameters where porameters are
varying more slowly, the regions can be made very wide. Vealues of the parameters are input into
the code for the region boundaries and the program interpolates for values within the region
boundaries.

Examples of parameters which are put info the code as a function of position are:
1) electron and hole mobility, 2} carrier generation rates, 3) dopant impurity densities, 4) elec-
tron and hole lifetimes, 5) carrier densities in the conduction and valence bands when the Fermi
level coincides with the energy level of the recombination centers, 6} intrinsic carrier densities
in the conduction and valence bands at the temperature of interest, 7) radiation defect intro-
duction rates, etc. Thus, the model accounts for inhomogeneities throughout the cell. The model
also accounts for electric fields within the device due to dopant impurity gradients.

The subroutine which accounts for radiation damage within the solar cell uses the
equation

nP-nF Pf nP-nF Pf
R = L + 2 2 (3. 10)
T (P+Pf)+'r (n+nf) T (P+Pf)+T (n+nf) :
%y 1 P9 1 . 2 P 2

where R is the recombination rate, n and P are the electron and hole densities respectively,
Toor is the initial electron lifetime, T_ 5 is change in lifetime due to radiation induced
recombination centers, T .} ond T o are similar quanti ies for hole lifetimes, ne. and n
the electron densities in Ehe conduchon band when the Fermi level coincides wn'L the
recombination centers associated with each case, and P¢. and P¢  are similar quantities for
holes. The first term having 1 subscripts represents the initial “recombination term before
radiation while the 2 subscripted term represents recombination due to radiation damage.
Temperature dependence of the radiation damage is due primarily to the terms ng_and P
which can be expressed by . 2 -2

e-(Ec‘ B Er)/kT =k T(3/2) e—(Ec B Er)/kT (3.11)

e

and

E - Er)(kT -k, 3/2) _~(E_- E )/kT (5.12)
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where Nc and N, are the number of allowed states in the conduction and valence bands
respectively, E_oand E, are the conduction and valence band energy levels, E, is the recombina-
tion center energy level, k. and k  are constants of proportionality, K is Boltzmann's constant
and T is the temperature in degrees Kelvin.

The terms T.o, 9nd T represent the limiting lifetimes in highly n-type and highly
p-type silicon and cah be expréssed by

] !

T = em——— and T
no, N, %1 Vn PO, N] %1 Vp

(3.13)

where Ny is the density of recombination centers present 6,1 and g, are the capture cross

sections for electrons and holes respectively and V, and V, are the thermal velocities of electrons
and holes respectively. Before irradiation the recombination centers are due primarily to natural
defects in the crystalline structure and to trace impurities. These centers are usually deep within
the band gap and for purposes of this study have been assumed to be at the center of the band gap.

The terms T__ - and Too2 can be expressed by

] i

T I ee————— o B —_— (3.14)
oy N2 n2 vn PO3 N2 Upz vp

where N, is the density of recombination centers introduced by radiation and 0,2 and 2 are
the capture cross sections of these defects.

Multiple defects may be represented by additional terms or they can be approximated by
a composite energy level that represents the composite effect of the different centers. The latter
approach has been used in the present study and found quite adequate.

The radiation damage is represented in the PN Code by two constants in the following
manner
] K

n
on2 N2 a, Vn K1d

where K_ is a defect lifetime damage coefficient, K1 is the defect introduction rate, and ¢

is the radlation fluence. Thus, the code requires the constants K and K1 as inputs. ¢ is
calculated by integrating the particle flux dg/dt (which is an input requirement) over the time
interval of interest (another input).

3.2  ELECTRON DAMAGE INTRODUCTION

The radiation degradation is introduced into the diode model by a second recombination
term as shown in Equation 3. 2. This term differs from the initial recombination term in that ne
and Pg are determined by the energy level of the radiation-induced recombination center and
the parameter Ty, and Top Vary as the density of recombination centers is increased by the
radiation flux.
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For purposes of this exampie, consider an N/P type cell. The radiation damage degrades
the minority carrier lifetime by introducing recombination centers at several energy levels within
the band gap. The effect of these centers on the recombination rate is introduced into the solar
cell model through the term T, in Equation 3. 2. Ton2 is dependent on the number of radia-
tion centers by the relation

T = (3. 16)
on2 N2 9y v

where N is the number of radiation centers, Op is the electron capture probability of the centers
and V is the thermal velocity of carriers. In the diode model a constant Kp is defined which

accounts for z—= in Equation 3.8. This constant is in effect a defect lifetime damage coefficient.

The number of%centers Ng is accounted for by a constant K| which multiplies the radiation fluence
and is the defect introduction rate. Thus the effect on lifetime requires two input parameters as
shown by

KP
Ton = ——ch— _ (3- 17)

The introduction rate varies for the different types of centers and since all the centers
probably result in some recombination the constant K; has been considered a composite intro-
duction rate which approximates the effect of all the centers. The alternative to this approach
would require recombination terms for each center and, hence, introduction rates and defect
lifetime damage coefficients for each center. The situation is further complicated in that the
energy dependence of introduction of the various centers may be different. For these reasons,
considering the composite effect of the centers seemed more practical and appears to yield suf-
ficiently adequate results. Having made this decision the values of K7 and Kp become inter-
dependent in that one must be known in order to calculate the other, K1 becomes more important
when annealing is considered later. For purposes of this example K; was taken to be the intro-
duction rate of the E, + 0.3 ev center whose energy dependence has been observed to be similar
to that of electron damage in N/P type cells. (13) The introduction rate used was 0. 25 em=! for
10 MeV electrons. The constant Kp is then calculated by means of the relationship

D KL ] [
KP =K—]-¢—where?-r—?= KL¢ (3. }8)

o

af several fluences. The value calculated at ¢ = TOM e/cm2 (10 MeV) was found to be
K,=1.65x 107 cm~1.

p

The energy level assumed for the defect becomes important in that the temperature

dependence of the recombination center is determined by the energy level. This is reflected
through the terms ng_ and Pr, in Equation (2). The composite energy level is determined by
comparisons of calcdlations 5f the term expressed in Equation (3} and the experimentally measured
temperature dependence of damage from the monoenergetic electrons. Figure 5 shows a comparison
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of the calculated and measured short circuit current degradation at different temperatures using
@ composite energy level of E, +0.20. Figure 6 shows a comparison of calculated 1V curves
with experimental data at several fluences of 10 MeV electrons.

3.3 PROTON DAMAGE INTRODUCTION

The proton damage model to be used in the evaluation is similar to the electron demage
model. It is assumed that the defects consist primarily of point defects and that their density
varies along the path length of the proton according to an |/E type cross section below about
15 MeV.

Such an approach was suggested as early as 1970(8); however, in that work the lack of a
generalized dicde model restricted it to uniform generation rates (long wavelength light spectra).
Such an approach is inherent in the PN Code model as described in the electron damage section.
The PN Code was applied briefly to the problem of proton damage in 1970, (1) the present work -
has gone info @ more rigorous verification of the validity of the approach.

One of the main problems in such an approach is determining the defect lifetime damage
coefficient and defect introduction rate. No conclusive works have been found in the literature
regarding the introduction rate of recombination centers along the proton path length, As was
stated in the case of electron damage, the defect lifetime damage coefficient and introduction
rate are interdependent in the sense that once one is established then the other is determined by

k =t (3. 19)

where K is the macroscopic lifetime damage coefficient determined externaily for cases of
uniform damage in the solar cell base and K19 is the product of the defect introduction rate and
the total fluence.

For proton damage, neither Ky of k  have been determined uniquely from experiments.
For purposes of this study the constant k_, is assumed equal to that for electron damage and the
damage introduction rate calculated from 15 MeV proton damage. The energy of 15 MeV was
chosen as being low enough to still follow 1/E type dependence on energy yet high enough to
produce relatively uniform damage across the solar cell. Thus, m P tyge material (N/P type
cell) the short circuit current ratio I,/ co Was 0.88 at 1 x 1011 p/em (15 MeV) and L was
measured to be approximately 70 um.  Thus,

1
i 5= K (1 10") P/em® o (3.20)
7x 10732 - (1.4x 1079
K 7
K =1.54x 107 the k)= b =122 10 _ o5 (3.21)
o 1.65x 10
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The value of Ky at 15 MeV is then compared to the curve for absolute defect density
shown in Figure 7. If the distribution of recombination centers along the proton track is as-
sumed fo have the same profile as the absolute displacement density then the curve of Figure 7
can be normalized to the value of recombination centers at 15 MeV and used to yield the intro-
duction rate for other energy particles.
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4.0 COMPARISON OF RADIATION DAMAGE PREDICTION METHODS

To compare the results of the external damage coefficient radiation damage model,
presented in the current form in the TRW handbook and the analytical method just presented,
the predictions of the two methods for various specific orbits were worked out. First predictions
for several satellite for which flight data is available were made. Then three typical missions,
450 N. M. and 6000 N. M. circular 30° inclination orbits, and a synchronous altitude electron
environment were compared. Finally the differences in the prediction methods were examined

and explained where possible.
4.1 FLIGHT DATA COMPARISON

In the TRW Handbook(4) flight degradation data on several satellites are presented and
compared with the handbook method damage predictions. For purposes of comparison solar cell
damage estimates have been prepared based on the orbit parameters and solar panel data presented
in the handbook by the use of the analytical damage prediction technique. The displacement
density gradient in the 40 mil cover slip and 18 mil cell of Explorer 38 are shown in Figure 8.
Predictions of panel degradation are shown in Figure 9 for Explorer 38 and for several other
satellites in Figure 10. Error bars on the flight data was not available, The trend is for more
degradation to be observed than predicted by the external damage coefficients. Agreement is
good between the flight data and the analytical method. This result supports the monoenergetic
electron and proton experimental data and prediction method agreement shown in the previous
section, and also indicates that the actual displacement gradients produced in space missions are
being treated accurately in the analytical method.

4.2  SPECIFIC ORBIT ANALYSIS

Two near earth trajectories, 450 and 6000 N. M. circular, 30° inclination, were then
examined to determine the differences between prediction methods and to examine the importance
of the displacement damage gradients. The 450 N. M. orbit sees a hard proton energy spectrum
and would produce a minimum damage gradient, while the 6000 N. M. orbit sees a soft proton
energy spectrum with a large damage gradient across the cell. In addition to the nominal 1-MeV
electron degradation data presented in the TRW Handbook, the P~N code was used to calculate
1-MeV electron degradation data. This data is compared in Figures 11 and 12 for lsc/lsco and
Voc /Voc: This P-N code determined 1-MeV degradation data, which agrees with BREL test
data, Reference 12, can be used to separate differences in degradation prediction resulting from
variations in nominal cell characteristics.

4,2,1 450 N. M. Circular

Figures 13 and 14 show the predicted degradation in this orbit for V. and |__ as a function
of time. V¢ is predicted to degrade more severely by the analytical method than by the external
damage coefficient technique. The 1-MeV electron degradation curve calculeted by the P-N
code degrades at the same rate as does the analytical method prediction, indicating an increase
in external damage coefficients would result in better agreement. This increase is a factor of 1.7,
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.. is predicted to degrade more severely, and at a greater rate by the analytical method
than by the external damage coefficient method. This shows the importance of the damage
gradient across the cell, which result in grecter l;c degradation in the space environment. |t
is logical that displacement damage gradients which differ as much as the 1-MeV electron and
450 N. M. proton environment would result in differing degradation rates. Differences in lse
degradation imply that the entire |-V curve would have a different shape for 1-MeV electron and
space proton radiation degradation.

4.2.2 6000 N.M. Orbit

This orbit has a softer proton spectrum, and hence a steeper damage gredient than the
450 N. M. orbit. The difference in V. and I;. degradation shown in Figures 15 and 16 are
therefore similar, but accentuated from the previous orbit. V. degradation occurs in 1/2 the
time predicted by the external damage coefficient method compared to the analytical method.
The difference in |, degradation rates is also greater.

4.2.3 Synchronous Altitude Electrons

A similar comparison program was made for the synchronous altitude electron environment.
Less damage was found for the analytical method compared to the external damage coefficient
predictions, with slightly different degradation rates. This is understandable when one considers
the much shallower damage gradient produced by the space electrons. It appears that the mag-
nitude of the degradation is influenced by the treatment of electron angular dependence, dis-
cussed in the next section.
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5.0 DETAILED PREDICTION TECHNIQUE COMPARISON

The previous section has compared the radiation damage prediction methods on an integral
basis for specific missions and solar panel configuration. We now examine in detail some dif-
ferences in the treatment of environmental and solar cell parameters.

5.1 ENVIRONMENTAL EVALUATION

The treatment of the angular dependence of the incident protons or electrons differs be-
tween models. The analytical method calculates the displacement density in a straightforward way,
with no approximations needed that introduce any significant errors. The external damage coef-
ficient method treats high energy protons and electrons as having damage coefficients that are
independent of angle of incidence, while low energy protons are treated by a complex approxima-
tion that attempts to conserve the total number of displacements produced in the cell by a stopping
proton of any angle of incidence. By examining Figures 17 and 18, the displacement density
gradients calculated by the HEVPEN code for 450 and 3000 N. M. proton spectra can be used to
evaluate these assumptions for a typical space proton environment. First, the ratio between the
" normal incidence and isotropic incidence displacement densities at O thickness is just a factor of
two, the ratio of the omnidirectional fluxes. This corresponds to the assumption of no dependence
on angle of incidence made for high energy protons. For increasing material thicknesses, this
ratio gradually increases until, at a depth of . 14 g/::m24r ~12 mils, it reaches 3.5. Since the
energy current into the cell differs between normal and isotropic incidence by a factor of four,
and since the fraction of incident proton energy used in producing displacement damage is
independent of angle of incidence, the total number of displacements produced in an infinite
thickness of silicon by normal and isotropic incident fluxes differ by a factor of four. The normal
to isotropic displacement density ratio must then always drop below four ot some depth to com-
pensate for the lower surface ratio. For typical solar cell cover slip thickness, & to 12 mils, the
normal to isotropic displacement density ratio is greater than two indicating that the fraction of
displacement damage resulting from high energy protons, where the angle independent damage
approximation is reasonable, is small for the proton environments of space.

Electron damage coefficients have been assumed independent of incident angle, based on
the experimental results of Barrett(18) and the penetrating nature of electrons in the MeV energy
range. Figure 4, which compares the displacement gradients in silicon for normal and isotropic
in the half space 1-MeV electron fluxes, shows that the near surface displacement ratios are
similar but the isotropic displacement curve drops away from the normal incident value at greater
thicknesses. The analytical method will then predict proportionally less damage with increasing
cover glass thickness. The experimental data of Barrett, taken on bare cells at incident angles of
up to 60°, did not explore the angles of incidence and depths of material where the angular de-
pendence of the damage coefficient could be observed. That such a dependence must exist is
obvious from the energy conservation argument used for protons. Since the isotropic in the half
space flux only results in one half the energy current as a normal incident flux, the displacement
density gradients must diverge in the material. Backscattering increases the energy loss of the
isotropic flux compared to a normal flux.
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The generai shape of the proton total displacement cross section curve can also be com-
pared with the energy dependent damage coefficient curves. In Figure 19 we show the damage
coefficient data obtained by Meulenberg and Treble!!?) and the In E/E displacement cross section.
The two basic differences are the plateau at 10 to 30 MeV energy in the damage coefficient curve,
and the low energy roll off. The low energy roll off in the damage coefficient curve is a result of
the non-uniform demage gradient produced in solar cells by low energy protons. As such, it has
an inherent fluence dependence, and cannot be compared directly to the displacement cross sec-
tion. The importance of an accurate treatment of this low energy profon energy range is shown
in Figures 17 and 18 where the displacement density produced by protons of less than 1-MeV is
given as the difference between op) and opyy for the two orbital altitudes. A significant
fraction of the displacements are produced by these low energy protons.

The plateau in the damage coefficient curve, shown in Figure 19, is only partly described
by the optical model cross section calculations of Baicker. Whether including the inelastic
reaction such as (p, d), {p,t), and {p, He) would explain this hump, or whether damage cluster
effects are present as suggested by Treble and Meulenberg is not yet known. For the evaluation
of space proton damage the great importance of low energy protons tends to reduce the importance
of the 10-30 MeV energy region.
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6.0 CONCLUSIONS

The comparison calculations made in this work lead to the following general conclusions
about the accuracy of the current solar cell damage evaluation method using external damage
coefficients.

1) Low Energy Proton Damage Is Underestimated at High Fluences

The comparison results for both 450 and 6000 N. M. orbits show that the cell degrada-
tion in both V. and |, is underestimated by current methods. This underestimate becomes
[arger with increasing fluences. As it has been shown that low energy protons (< 10 MeV) are
most numerous in the penetrating space environment, it is concluded that low energy proten
damage is underestimated. These results were obtained with 6 mil cover slips. For thicker
cover slips, we expect the penetrating proton energy spectrum to harden and reduce the im-
portance of the low energy proton damage. For thinner cover slips, the low energy proton
damage would be increased. :

2) Damage gradient produced by space proton spectra places a serious limitation on the
1 MeV equivalent damage coefficient method at high fluences.

The damage gradients produced in solar cells by space proton spectra result in under-
estimates of cell degradation at high fluences when the assumption of uniform damage is made s
is the case for the external damage coefficient method. As shown for the 450 and 4000 M. M.
orbits, the degradation in | . proceeds at a faster rate when calculated by the analytical method
than when calculated by external damage coefficients. This systematic variation, which is
proportional to the displacement damage gradient in the cell cannot be corrected by adjusting
the external damage gradients but is an essential result of the displacement damage gradient in
the cell. These results were obtained for 6 mil cover slips. Increasing the cover slip thickness
will reduce the damage gradients in the cell.

3) Electron Degradation s Overestimated by the External Damage Coefficient Method

The assumption that the electron damage coefficient is independent of angle of in-
cidence leads to an overestimate of the degradation., The magnitude of this effect is not large
since the difference between the normal and isotropic incident electron damage gradients at 6
mils (the cover slip thickness) is not large. However, the difference would increase with in-
creasing cover slip thickness.

4) Finally, the géneral conclusion may be drawn that for missions where heavy damage is
expected (particularly proton damage), the current external damage coefficient method is in-
adequate. A more detailed analytical treatment which can account for damage gradients across
the cell is required.
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7.0 RECOMMENDATIONS

To increase the accuracy of solar cell degradation estimates for both conventional N/P
and recently developed cell types such as the COMSAT Violet Cells or the K-6 cell, and to
examine the improvements possible in solar cell radiation hardness, the following steps are
recommended. '

1. Develop accurate degradation data on N/P cells for various cover slip thicknesses
and orbits by using the analytical degradation prediction method.

2. Evaluate recently developed cell types, such as the COMSAT Violet Cell and the
Hughes K-6 cell, in the space environment by the analytical degradation prediction method.

3. The analytical degradation prediction method should be used to examine the
effectiveness of various solar cell radiation hardening techniques in the space environment.
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